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Pituitary growth hormone (GH)-secreting cells regulate growth
and metabolism in animals and humans. To secrete highly ordered
GH pulses (up to 1,000-fold rise in hormone levels in vivo), the
pituitary GH cell population needs to mount coordinated responses
to GH secretagogues, yet GH cells display an apparently hetero-
geneous scattered distribution in 2D histological studies. To ad-
dress this paradox, we analyzed in 3D both positioning and
signaling of GH cells using reconstructive, two-photon excitation
microscopy to image the entire pituitary in GH-EGFP transgenic
mice. Our results unveiled a homologous continuum of GH cells
connected by adherens junctions that wired the whole gland and
exhibited the three primary features of biological networks: ro-
bustness of architecture across lifespan, modularity correlated
with pituitary GH contents and body growth, and connectivity
with spatially stereotyped motifs of cell synchronization coordi-
nating cell activity. These findings change our view of GH cells,
from a collection of dispersed cells to a geometrically connected
homotypic network of cells whose local morphology and connec-
tivity can vary, to alter the timing of cellular responses to promote
more coordinated pulsatile secretion. This large-scale 3D view of
cell functioning provides a powerful approach to identify and
understand other networks of endocrine cells that are thought to
be scattered in situ. Many dispersed endocrine systems exhibit
pulsatile outputs. We suggest that cell positioning and associated
cell-cell connection mechanisms will be critical parameters that
determine how well such systems can deliver a coordinated secre-
tory pulse of hormone to their target tissues.
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any endocrine responses are episodic in nature. One of the
best characterized responses is the release of growth hor-
mone (GH) from GH-secreting cells (the major population of
endocrine cells in the pituitary gland), which regulates body growth
and metabolism (1). At present, functional assessment of GH cells
is based on cell numbers and activities (1, 2). However, this current
concept faces a paradox. The GH cell population in the pituitary
produces massive GH pulses in response to physiological needs (up
to a thousand-fold increase in GH concentration) (3-5) whereas the
pulses are much smaller when GH cells are studied out of their
tissue context (6). The functional organization of GH cells that
might explain the coordinated responses of the thousands of
individual GH cells located within the gland is, however, poorly
understood. No converging view has emerged from previous his-
tological studies that showed most pituitary endocrine cell types
heterogeneously distributed and scattered throughout the mamma-
lian gland parenchyma in what seemed to be a random mosaic
fashion (2, 7).
To overcome the difficulty of interpreting 3D-like representa-
tions from serial thin tissue sections, we directly visualized and
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monitored activities of identified pituitary cells in the intact tissue.
The production of GH-GFP transgenic mice made it possible to
identify and locate the 3D position of every identified GH cell in the
pituitary gland, by using a combination of two-photon excitation
microscopy and off-line reconstruction and analysis, and to study
activity in multiple living GH cells, identified in 3D space. Thus, we
discovered a functional GH cell network that wired the whole gland
and underwent geometry-driven changes that correlated with the
activity of the GH axis.

Methods

Multiphoton Imaging of GH-EGFP Pituitaries. In fixed pituitaries,
fluorescence images were acquired in x—y mode with a Zeiss LSM
510 NLO confocal system (X25 oil immersion, numerical aperture
(N.A.) = 0.8). Multiphoton excitation was achieved with a 5-W
Mira/Verdi pulsed TI/sapphire laser (Coherent, Orsay, France)
tuned at 840 nm (pulse duration of ~150 fs and bandwidth of ~8
nm). The emitted fluorescence was recorded at 520 nm (8§, 9). In
some experiments, high-pressure cardiac perfusion was performed
before tissue fixation peroxidase immunostaining and electron
microscopy as described (10).

Hormone Release Assays, Calcium Recordings, and Analysis. Mouse
GH and EGFP in either pituitary or cell incubation medium were
assayed by RIA as described (11), by using mouse reagents kindly
provided by the National Institute of Diabetes and Digestive and
Kidney Diseases (Bethesda). Cytosolic calcium was monitored in
GH-EGFP cells loaded with the fluorescent calcium dye fura-2 as
reported (11). Custom-made software in IGOR PRO (WaveMetrics,
Lake Oswego, OR) was used to measure the linear correlation
(Pearson R) between all pairs of GH-EGFP cells. To test whether
motifs of gross synchrony between GH-EGFP cells occurred, we
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Fig. 1. Three-dimensional continuum of the GH cell population. (A) Two-
photon image stack (70-um thickness) taken from an intact GH-GFP mouse
pituitary. For a sample movie, see Movie 1. (B) Shown is 3D orthogonal slicing
of a two-photon image stack (80-um thickness). (C) Surface rendering of
GH-GFP cell contours from four juxtaposed two-photon image stacks (30-um
thickness) covering the distance from the dorsal (left) to the ventral (right)
sides of a GH-GFP pituitary. The cell contours were almost all in close contact
to each other (automatic detection procedure), except a small cell group
(surrounded by a dashed line, arrowhead). (D and E) Mice were fixed with
glutaraldehyde after a procedure that scattered cells with loose contacts. (D)
Electron micrograph of a cluster of contacting GH cells stained with a GH
antibody (labeled as GH). (E) Representative electron micrograph of a contact
zone (arrow) between two GH cells. (Inset) Contact zones between GH cells
stained with a B-catenin antibody (arrows).

performed two complementary statistical tests. First, a motif was
detected when R mean was higher than a threshold level (P <
0.001). To determine the P value of the statistic, we computed the
distribution of the statistic under the null hypothesis of independent
R values. In a second test, we questioned whether a motif corre-
sponded to a significant change between subsequent R means
(ANOVA pair-wise test). We also classified the numbers of con-
nected cell pairs within time windows (P < 0.001). When two
groups of index windows were compared (two-sample ¢ test, P <
0.05), we selected two subsequent periods of 30 min each [control
+ GH-releasing hormone (GHRH) exposure versus post-GHRH].

Results and Discussion

A Continuum of Connected GH Cells Wires the Whole Anterior Pitu-
itary. Fixed GH-EGFP pituitaries from adult male GH-EGFP mice
were imaged in serial steps to a depth of 200 wm from the pituitary
capsule surface. It became apparent that almost all of the fluores-
cent (GH) cells were in close contact with other fluorescent cells,
seeming to form a homotypic connected 3D cell continuum (Fig.
1A; see Movie 1, which is published as supporting information on
the PNAS web site). This cell system consisted of numerous
intercrossing strands of single GH cells, with larger clusters of GH
cells positioned at the intersection of the strands (Fig. 1B). Pitu-
itary-wide stacks of two-photon images were then collected for
morphometric analysis in 3D, by using surface rendering of fluo-
rescent voxels to reveal the extent of apposition of GH cells (Fig. 1C,
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Fig. 2.
across the mouse’s lifespan. Surface rendering of GH-GFP cell contours from
two-photon image stacks of GH-GFP pituitaries. Animal ages are indicated
on the right of 3D representations of GH cell positioning (E, embryos; P,
postnatal).

Cell positioning continuously leads GH cells to form a cell continuum

n = 5). These data confirmed that all GH cells, even those that
appear in random 2D sections as isolated cells or in small islets (2,
7), actually form a connected 3D multicellular GH cell system
throughout the gland.

Because GH cells in the pituitary gland make up the largest
population of pituitary cells (7), some degree of homotypic appo-
sition would be expected by chance and is not evidence per se of a
tightly linked GH cell system. To address this question, we used a
high-pressure, in vivo perfusion procedure to scatter cells with loose
contacts and then examined those clusters of cells that remained in
contact. After this procedure, both two-photon imaging of GH-
GFP cells (data not shown) and immunoelectron microscopy of
GH-positive cells (Fig. 1D, n = 4) showed that large portions of the
GH system remained connected, with many homotypic GH cell
assemblies that resisted disaggregation. These GH cell assemblies
had closely apposed membrane contacts (Fig. 1E), with junctional
complexes immunopositive for p-catenin, (Fig. 1E Inset, n = 3),
suggesting that the strands and clusters of GH cells are linked with
focal adherens junctions.

Robustness of the GH Cell System Across Lifespan. The distribution of
GH cells was examined in pituitaries from GH-GFP mice over their
lifespan. Once EGFP signals were detectable in the first few cells
expressing GH in pituitaries during embryogenesis (12), 3D imag-
ing uncovered organized strands of GH-EGFP cells (Fig. 2) (six of
eight 15.5-day-old embryos). Then, a unique continuum of con-
tacting GH cells forms within the parenchyma within 1 day (seven
of seven 16.5-day-old embryos). This networking process coincides
with the profound increase in both GH synthesis (13) and secretion
(data not shown), and expression of GH secretagogue receptors at
this age (14, 15). After birth, a unique ensemble of contacting GH
cells was constantly observed in pituitaries until 24 months of age,
thus suggesting that the presence of a GH cell continuum covers the
whole lifespan of GH secretion (16).

Reversible Plasticity of the GH Cell System Architecture. We observed
consistent differences in the GH cell strand and cluster densities in
different regions of the gland and evident plasticity of the GH
system architecture across lifespan. For example, in young adult
(60-day-old) males, large GH cell clusters were much more prom-
inent in the lateral zones of the gland, than in the median zone
surrounding the stalk (Fig. 34). Quantitative analysis of relative
amount and density of GH cells in cell clusters versus cell strands
in the lateral versus medial zones of each gland from groups of
animals at different ages was performed by calculating the volume-
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Fig.3. Developmental modularity of the GH system architecture. (A) Shown are 3D reconstructions (Upper) and surface rendering views (Lower) of two-photon
image stacks of the GH cell system architecture in both lateral (Left) and median (Right) regions of a 60-day-old male GH-EGFP pituitary. The calculated V/S ratios
of surface rendering views in lateral and median zones were 7.7 and 3.8, respectively. (B) V/S ratios in both lateral (®) and median (O) regions vs. mice age. (C)
V/S ratios in lateral regions (30- to 60-day-old males) vs. body weight (A; linear regression: y = 10.88 + 1.57x, R = 0.96, P = 0.04) and GH content (m; linear
regression: y = 1.03 + 3.42x, R = 0.93, P = 0.03). (D) (Left) Shown are 3D reconstructions of the GH system architecture in lateral regions of two 60-day-old males
either sham-operated (control) or castrated at 15 days old. (Center) V/S ratios in both lateral and median regions from 60-day-old sham-operated (open columns)
and castrated (hatched columns) male pituitaries. (Right) Body weights of 60-day-old sham-operated (open columns) and castrated (hatched columns) males.
*, P < 0.001.

to-surface (V/S) ratios of the GH cell systems in each location.  correlation of V/S ratio with body weight during the second month
These results revealed that the geometry of the system varied  after birth, and between the onset of cell clustering, and of GH
markedly and reversibly from early postnatal life, through sexual ~ contents measured in pituitaries taken from other groups of
maturation, to late adulthood (Fig. 3B). In prepubertal animals, the ~ age-matched mice (Fig. 3C). Furthermore, in a group of prepu-
patterning of the GH cell system was similar in both zones, giving  bertally castrated males, the decrease in growth rate after castration
the same V/S ratios. From 30-80 days, the V/S ratio progressively  (Fig. 3D), possibly due to diminished GH pulsatility (19), was
increased in the lateral zones, whereas they remained constant in ~ associated with a distinct remodeling of the GH cell system,
the median zone, indicating a marked increase in the proportion of  resulting in a virtual absence of large GH cell clusters, but without
GH cells in clusters in the lateral portions of the gland from puberty  a significant change in GH cell density in the lateral zones (51.2 +
to adulthood. Interestingly, in the oldest mice examined (100-day-  3.8% and 50.0 = 1.6% in sham-operated and castrated mice, n =
old), the V/S ratios returned toward prepubertal values in the 12 and 10, respectively, P > 0.05) (Fig. 3D). Note that it is the
lateral zones. Thus, the GH cell system is plastic, and its modifi-  geometry of the GH cell system, rather than the global cell density,
cation continues well into adulthood. that is organized in a way that would promote a more coordinated

The increase in cluster density coincided with the process of  pulsatile release of GH that accelerates growth at puberty (4, 5). We
sexual maturation and the increased activity of the GH axis known  suggest that intact GH clusters facilitate GH responses to secreta-
to occur at this time (17, 18). Remarkably, there was an excellent ~ gogues, because disaggregation of the GH system by enzymatic
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Fig.4. GHRH triggers recurrent motifs of GH cell connectivity in the lateral zones. (A) Field of GH cells labeled with EGFP in the lateral zone. Only cells circled

with a dashed line were also loaded with the fluorescent calcium dye fura-2. (B) Representative traces of spontaneous calcium spikes due to electrical activity.
(C) Linear correlation (Pearson R) between calcium recordings among all cell pairs (C1—Cy, C1-Gs, . . . Cy.1—Cp) taken every 5 min. The yellow and green lines (A)
illustrate the potent cell pairs for two recorded GH cells. Although some cell pairs displayed high R values, no large-scale cell connectivity (P < 0.001) was observed
during spontaneous calcium spiking. (D-F) GHRH (10 nM) was applied during a 15-min time period (horizontal bar). (D) GHRH triggered a complex, oscillating
calcium response in GH-EGFP cells recorded in the lateral zone. (E) Recurrent motifs of connectivity among large cell ensembles were observed in lateral regions
(P < 0.001). (F) Distribution of numbers of connected cell pairs vs. time of calcium recording. GHRH triggered a delayed, cycling increase in connected cell pairs.

dispersion of mature male pituitaries led to a GH release response
to GHRH 8-fold lower than that seen from large assemblies of GH
cells preserved in pituitary slices (data not shown).

GHRH Switches on Recurrent Motifs of Cell Connectivity. To look for
functional properties that may underlie the secretory efficiency of
the GH system, we monitored cytosolic calcium concentration
simultaneously in multiple identified GH cells. Calcium is a critical
second messenger for hormone release (20) and is also involved in
information transfer between connected cells in many cell ensem-
bles (21, 22). Multicellular calcium recordings of GH-EGFP cells
were performed in acute pituitary slices (Fig. 4 A and B). To
quantify the strength of cell-cell connectivity between GH-GFP
cells, the linear correlation (Pearson’s R coefficient) was measured
between all pairs of GH-EGFP cells loaded with fura-2. Subsequent
5-min-long segments of calcium recordings were analyzed as 5-min
window index (Fig. 4C). Both the length (0.5-2 h) of calcium
recordings and the time resolution of R measurements were chosen
to approach the time range of pulses of GH release in vivo. In most
experiments, GHRH, a selective GH cell agonist that controls the
release of GH pulses in vivo (4, 5, 23, 24), was applied to fields of
cells loaded with fura-2.

Bonnefont et al.

In control conditions, GH cells displayed calcium spikes that are
due to spontaneous electrical activity (22, 25). Although some GH
cell pairs displayed high R values, presumably due to local gap
junction coupling (22), no large-scale cell connectivity was observed
during spontaneous calcium spiking (Fig. 4C) (P < 0.001). How-
ever, a typical pattern of extended cell connectivity responses was
prominent when GHRH was applied (15 min) in the lateral
pituitary zones, which displayed large GH clusters in mature males.
In six of eight fields, the overall number of cell pair connections
increased in response to GHRH so that temporally precise calcium
spike sequences recurred in synchrony several times; such recurring
elements remained obvious, long after agonist application (Fig. 4 D
and E). We also noted that the average periodicity of recurrent
motifs of calcium signals detected in these lateral pituitary zones (28
min, n = 16) corresponded with the frequency of small GH pulses
reported in simian pituitaries maintained ex vivo (26) and in
pituitary cells that received a single pulse of GHRH (27). In the
mouse pituitary, these wiring patterns that occurred again and
again throughout the GH cell system were neither observed in
long-lasting (=2 h) recordings of spontaneous calcium activities
without pituitary slice exposure to GHRH (six fields, data not
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Fig.5. GHRH triggers sustained changes in GH cell connectivity in the median zone. (A-D) GHRH (10 nM) was applied during a 15-min time period (horizontal

bar). (A) GHRH triggered a prolonged change in calcium spiking activity. (B)Cross-correlation (Pearson R) between cell pairs. Arrows indicate cell pairs with high
R values after GHRH application (P < 0.001). (C) Numbers of cell pairs with significant cell connectivity (P < 0.001). Paradoxically, GHRH also caused a delayed
decrease in the numbers of connected cell pairs (P < 0.05). (D-F) Changes in both calcium spike firing and cell connectivity (Pearson R) in a pair of neighboring

GH cells before (D), during (E), and after (F) GHRH application. The cell pair corresponded to a trace marked by an arrow in B.

shown, P > 0.05) nor in GHRH-stimulated GH cells that were
dispersed after enzymatic dispersion of lateral pituitary portions
(five fields, data not shown, P > (.05). These recurring motifs of cell
connectivity most likely reflect the predominant response of the
GH cell system when a pulse of hypothalamic GHRH invades the
gland because the majority of GH cells (=80%) are located in the
lateral pituitary regions.

GHRH Changes in GH Cell Connectivity Are Spatially Stereotyped. A
distinct GHRH-evoked change in cell connectivity was detected in
the median pituitary zone. GHRH triggered a profound and
sustained stimulation of calcium spiking (Fig. 54) that was associ-
ated with a selective increase in cell connectivity between pairs or
triplets of neighboring GH-EGFP cells (Fig. 5B). An example of a
responsive cell doublet isillustrated in Fig. 5 D—F' where the increase
in cell connectivity (Fig. 5F) followed an initial rise in calcium spike
frequency (Fig. 5E). This result showed in pituitary cells that an
agonist triggered both intracellular and intercellular communica-
tion mechanisms with different timescales. Surprisingly, the overall
number of cell pair connections markedly decreased after GHRH
stimulation (Fig. 5 B and C, four of seven different fields, P < 0.05).
These results suggest that GHRH does not simply affect all cells
independently in this region but changes the local pattern of
cell-cell communication, resulting in small islets of more highly
functionally connected GH cells at some points in the system,
interspersed with functionally less connected GH cells. This para-
doxical reduction would “sharpen” the global pulsatile response by

16884 | www.pnas.org/cgi/doi/10.1073/pnas.0508202102

minimizing the contribution of less coordinated cell assemblies
within the network. Note that the GHRH responses were markedly
different in the median zone in comparison with those observed in
the lateral zones, indicating that GHRH triggered spatially stereo-
typed motifs of cell connectivity, which clearly depend on the local
geometry of the GH system architecture within different regions of
the gland.

GH Cells Form a Functional Cell Network. This combined morpho-
logical and functional analysis of the entire GH population in 3D
shows that GH cells actually form a connected homotypic structure
that pervades the entire gland. This structure exhibits three of the
most shared principles of biological networks (28): robustness of
GH network architecture across a mouse’s lifetime, modularity of
cell positioning (which varies with activity in the GH axis and body
growth), and spatially localized patterns of cell-cell communication
showing recurring responses to specific stimuli for GH release.
Therefore, our results provide strong evidence that GH cells
function as a geometry-driven network of cells, connected to each
other by adherens junctions.

Moving the focus from single-cell function to whole-organ func-
tion is crucial to understanding function at the systems biology level.
It is particularly obvious for GH secretion, which clearly requires a
high degree of coordination of a large population of individual GH
cells to generate a large secretory burst into the blood stream that
survives dilution and mixing in the circulation, to deliver a defined
pulsatile signal to peripheral tissues (4, 24, 29-31). The conven-

Bonnefont et al.
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tional view of this process is that cell numbers and cell activities can
be considered independent responsive elements, with the output
some population (e.g., Gaussian) distribution response. However, it
probably arises from a 2D view that has missed the higher level
organizational properties of the entire GH cell population. We now
show that the apparently dispersed secretory elements of the GH
system are actually organized to form a structurally and functionally
interdependent network and suggest that the proper functioning of
the GH cell population depends on the fine tuning of an “N.A.P.”
triplet involving the number, activity, and positioning of GH cells.
This N.A.P. triplet functioning allows for fine tuning of communi-
cation mechanisms (22, 32) between large numbers of connected
GH cells within a network to produce rapid and synchronized
hormone pulses in response to physiological needs.

Networks of Endocrine Cells: Perspectives. Because the GH cell
network is plastic and the numbers of GH cells change with
physiological demands, there must be mechanisms to replace dying
GH cells and to ensure that their replacements find their proper
place in the network. Failure of these mechanisms, as in develop-
mental or pathological disruption of the network architecture, may
have important deleterious consequences for GH responses. Pre-
liminary observations of the GH network in mice with GH cell
hypoplasia and dwarfism showed spatially localized “broken”
branches of GH cells [i.e., decrease in network robustness (data not
shown)], and the breakdown of GH cell organization in 2D is well
described in pituitary tumor pathologies associated with dysregu-
lated GH secretion (2). Therefore, our 3D approach to functional
analysis of the GH network could have importance in human
pituitary pathophysiology. One can imagine that the development
of noninvasive imaging of the present 3D network [e.g., with
selective ligands for GH cells for positron-emission tomography
(PET) scans] (33) might be useful in diagnosis of some gradually
developing GH-deficiency states, such as those after traumatic
brain injury (34, 35) or cranial irradiation (36). GH cell network
disruption could well contribute to the uncoordinated GH profiles
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